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Background: The epoxygenase metabolites (EETs) inhibit ENaC by unknown mechanisms.
Results: 14,15-EET stimulates an ERK1/2-catalyzed inhibitory phosphorylation of the ENaC � and � subunits.
Conclusion: A CYP2C44 epoxygenase/ERK1/2-mediated pathway for ENaC regulation has been characterized.
Significance: Roles for human CYP2C8 and CYP2C9 as antihypertensive epoxygenases and for the EETs as antihypertensive
drug targets are proposed.

The epithelial sodium channel (ENaC) participates in the reg-
ulation of plasma sodium and volume, and gain of function
mutations in the human channel cause salt-sensitive hyperten-
sion. Roles for the arachidonic acid epoxygenase metabolites,
the epoxyeicosatrienoic acids (EETs), in ENaC activity have
been identified; however, their mechanisms of action remain
unknown. InpolarizedM1cells, 14,15-EET inhibited amiloride-
sensitive apical to basolateral sodium transport as effectively as
epidermal growth factor (EGF). The EET effects were associated
with increased threonine phosphorylation of the ENaC � and �
subunits and abolished by inhibitors of (a) mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase/ex-
tracellular signal regulated kinases 1 and 2 (MEK/ERK1/2) and
(b) EGF receptor signaling. CYP2C44 epoxygenase knockdown
blunted the sodium transport effects of EGF, and its 14,15-EET
metabolite rescued the knockdownphenotype. The relevance of
these findings is indicated by (a) the hypertension that results in
mice administered cetuximab, an inhibitor of EGF receptor
binding, and (b) immunological data showing an association
between the pressure effects of cetuximab and reductions in
ENaC� phosphorylation. These studies (a) identify an ERK1/2-
dependent mechanism for ENaC inhibition by 14,15-EET, (b)
point to ENaC as a proximal target for EET-activated ERK1/2
mitogenic kinases, (c) characterize a mechanistic commonality
between EGF and epoxygenase metabolites as ENaC inhibitors,
and (d) suggest aCYP2Cepoxygenase-mediated pathway for the
regulation of distal sodium transport.

Prevalence, complexity, and multiple medical consequences
make chronic hypertension amajor health challenge, and there

is a growing need for new approaches for its diagnosis and treat-
ment. The epithelial sodium channel (ENaC)2 plays an impor-
tant role in renal sodium reabsorption, and gain or loss of func-
tion mutations in the human channel are associated with
hypertensive or hypotensive phenotypes, respectively (1–3).
ENaC is composed of three subunits (�,�, and�) (4) that during
inward sodium transport (JNa�) localize to the apical surface of
the collecting duct (CD) principal cells (5–7). ENaC is regulated
by hormones such as aldosterone and insulin (5, 8–10), and
epidermal growth factor (EGF) inhibits its activity by an ERK1/
2-catalyzed phosphorylation of its � (ENaC�) and � (ENaC�)
subunits (11–15).
The cytochrome P450 CYP2C (gene family 2, subfamily C)

epoxygenases metabolize arachidonic acid to epoxyeico-
satrienoic acids (EETs) (16). Electrophysiology studies in
microdissected rat and mouse CDs (16–18) or cultured CD
cells (19) identified the EETs as inhibitors of ENaC gating and
pointed to the CYP2C epoxygenases as regulators of ENaC
activity and distal sodiumexcretion (16). Furthermore, roles for
the CYP2C epoxygenases and their EETmetabolites in regulat-
ing blood pressure were suggested by reports that (a) epoxyge-
nase inhibition causes salt-sensitive hypertension (20) and that
(b) hypertensive salt-sensitive Dahl rats and Cyp4a10(�/�)
mice show reduced renal epoxygenase activity (18, 20). How-
ever, the mechanisms by which the EETs regulate ENaC and
ultimately blood pressure are presently unknown, and issues
such as (a) direct effects resulting from EET binding to ENaC
proteins and/or altering channel membrane density or
microenvironments and/or (b) indirect effects such as EET-
triggered alterations in ENaC proteolysis, glycosylation, and/or
phosphorylation remain unanswered.
Similarities between EETs and EGF as activators of MEK/

ERK1/2 kinases and inhibitors of ENaC gating (11–14, 17–19,
21, 22) suggest that their effects on ENaC activity proceeded by
common, ERK1/2-mediated mechanisms. Here we character-
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ize a hitherto unrecognized relationship between the seemingly
unrelated mitogenic and transport properties of the CYP2C
epoxygenase metabolites by showing that in polarizedM1 cells
(a) 14,15-EET inhibited amiloride-sensitive JNa� by promoting
the ERK1/2-catalyzed phosphorylation of ENaC� and ENaC�
and (b) the CYP2C44 epoxygenasemediated the EGF effects on
JNa�. Furthermore, inhibition of EGF receptor (EGFR) signal-
ing abrogated the cellular effects of EGF and 14,15-EET on JNa�
and caused hypertension in mice.

EXPERIMENTAL PROCEDURES

Animal protocols were approved by the Institutional Animal
Care and Use Committee. Adult male 129SeV mice (12–18
months old) were allowed free access to water and solid diets
containing normal (5L0D, PMINutrition International) or high
salt (TD92012, Harlan) (0.3 or 8% NaCl, respectively). Where
indicated, mice were left untreated (controls) or administered
cetuximab every 48 h for 8–10 days (12mg/kg of bodyweight in
�150�l of 150mMNaCl/mouse intraperitoneally). Blood pres-
suremeasurements were done utilizing the facilities and exper-
tise of the Vanderbilt University Mouse Physiology Core. The
systolic blood pressures (BPs) of consciousmiceweremeasured
between 9 and 11 a.m. by means of a Micro-Renthane tapered
catheter (300–500 �m outer diameter) inserted into the right
carotid artery of Nembutal-anesthetized mice (75 mg/kg of
body weight intraperitoneally) and connected to a remote pres-
sure sensor (Digi-Med Blood Pressure Analyzer, Micro-Med
Inc.) (18). One and 2 days after surgery the animals were
allowed to become familiarwith the environment, and their BPs
were monitored continuously for at least 40 min at an ambient
temperature of 23 °C. BP data are reported as group averages�
S.E. calculated from �30 such measurements per animal.
Cell Culture—M1 cells (ATCC) were cultured in DMEM-

Ham’s F-12 medium (Invitrogen) containing 10% fetal bovine
serum (Invitrogen) and used between passages 2 and 8. For
CYP2C44 knockdown, cells were incubated with CYP2C44
coding (sh-2c44) or non-coding (mock) shRNA plasmids
(SABiosciences) as described (23). Neomycin-resistant cells
were cultured in neomycin-free medium and used after two
passages. Transepithelial resistance (TER) and apical to baso-
lateral sodium fluxes (JNa�) weremeasured inM1 cells (three to
five passages) seeded (2.5 � 105 cells/well) onto 12-well Tran-
swells (Corning Inc.) and cultured until confluence and TER
was stable. Experimental TER measurements (in ohms � cm2)
were done 2 h after the addition of tests compounds using an
EVOM volt-ohm meter (World Precision Instruments). Con-
ductances (G) were calculated from TER values and expressed
as siemens/cm2. For JNa� measurements, 1 nCi of 22Na in
serum-free medium was added to the apical compartment of
polarized M1 cells in serum-free medium. Following the addi-
tion of test compounds, cells were incubated for 60 min at
37 °C, and the 22Na was quantified by liquid scintillation. JNa�
in pmol/cm2/h was calculated based on the final specific activ-
ity of the 22Na tracer (Ci/mol of Na�). Where indicated, differ-
ences between total and amiloride-insensitive JNa� were used
as estimates of amiloride-sensitive, ENaC-mediated JNa�.
Amiloride, EETs, PD98059, U0126, or EtOH as vehicle (�0.2%
final) was added to the apical compartment, andEGFwas added

to the basolateral compartment. CYP2C24 mRNAs levels were
determined by quantitative real time PCR and normalized to
the �-actin mRNA as reported (23). Eicosanoids in cell pellets
or culture medium (15-mm plates) were extracted in the pres-
ence of 20-2H3-labeled 8,9-, 11,12-, and 14,15-EET (5 ng each)
and 2H8-labeled 5,6-, 8,9-, 11,12-, and 14,15-dihydroxyeico-
satrienoic acid (5 ng each) and quantified by ultrahigh pressure
liquid chromatography-tandemmass spectrometry (23, 24). As
is the case with most EETs present endogenously in biological
samples (24, 25), greater than 90% of the EETs in M1 cell
extracts are found as glycerophospholipid esters and must be
released by alkaline hydrolysis prior to their mass spectral
quantification (24).
Protein Expression and Phosphorylation—Western blots of

kidney membranes or cell lysates (in radioimmune precipita-
tion assay buffer; Bio-Rad) were done in 7% polyacrylamide gels
by standard SDS-PAGE/blotting techniques using rabbit anti-
bodies raised against �-actin (Sigma) or rat CYP2C11 (cross-
reactive toward mouse CYP2C29 and CYP2C38) or peptides
antibodies targeting CYP2C44 (GenScript); phospho-ERK1/2
(Tyr-202/204), ERK1/2, EGFR, phosphothreonine-containing
peptides (Cell Signaling Technology), and goat anti-ENaC�
(Santa Cruz Biotechnology). Immunoreactive proteins were
detected with an ImmobilonWestern Chemiluminescent HRP
Substrate kit (Millipore). Membranes were isolated from kid-
neys homogenized in 0.1 M potassium phosphate buffer (pH
7.4) containing 0.25 M sucrose, 10 mM Na3VO4, protease and
phosphatases inhibitor mixtures 2 and 3 (10 �l/ml each)
(Sigma) in a T8-Ultra-Turrax (IKA, Germany) homogenizer.
After sonication (six pulses, power 4) (UltrasonicHomogenizer
4710, Cole Parmer Instruments, Chicago, IL), the homogenates
were centrifuged for 15min at 5,000 and 10,000� g.Membrane
fractions collected at 100,000� g for 60min were suspended in
homogenization buffer and used within 24 h.
Immunoprecipitation studies were done in cell lysates from

48-h cultures and prepared in 0.1 M Tris-Cl buffer (pH 7.4)
containing 1% Triton X-100 (v/v), and protease and phospha-
tase inhibitor mixtures 2 and 3 (10 �l/ml each). Lysates were
clarified by centrifugation (10 min at 10,000 � g), incubated
with protein A-coated Dynabeads (Invitrogen), and exposed to
amagnetic field, and non-attached proteins were incubated (60
min at 4 °C) with anti-phosphothreonine antibodies. After cap-
ture with protein A-coated Dynabeads, immunoreactive pro-
teins were eluted with Laemmli electrophoresis buffer (10 min
at 95 °C) and analyzed by Western blot using anti-ENaC� and
-ENaC� antibodies. For studies of 32P incorporation, plates of
equivalentM1 cell density cultured for 48 h inmediumcontain-
ing 1 �M aldosterone were incubated for 30 min in phosphate-
free high glucoseminimumEagle’smedium containing okadaic
acid (0.3 �M) and then for 3 h in [32P]orthophosphate (1 mCi/
ml). After a 15-min exposure to vehicle, 11,12-EET, 14,15-EET
(10 �M each), or EGF (10 ng/ml), the cells were washed with
cold PBS containing 10 mM Na4P2O7, 10 mM Na3VO4, 1 mM

EDTA, and protease and phosphatase inhibitor mixtures 2 and
3; lysed as above; and exposed to ENaC� or ENaC� antibodies;
and protein A affinity-purified immunoreactive proteins were
quantified by liquid scintillation. Short incubation times with
agonists were used to minimize potential complications result-
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ing from, among other things, changes in the levels of ENaC
proteins and/or labile [�-32P]ATP.

For immunofluorescence imaging studies, paraffin embed-
ded sections (5 �m) from kidneys perfused in situ with 40 mM

sodium phosphate (pH 7.4) containing 4% formaldehyde, 0.1 M

NaCl, 50 mM NaF, 0.5 mM Na3VO4, 30 mM Na4P2O7, and 0.1%
HOAc were exposed to white light for 48–72 h to reduce auto-
fluorescence. Following microwave antigen retrieval (1� Citra
Buffer, BioGenex) and blocking (in 10% goat serum), sections
were incubated with biotinylated Dolichos biflorus agglutinin
(Vector Labs) followed by rabbit anti-phosphothreonine
antibodies and then exposed to mixtures of fluorescein iso-
thiocyanate (FITC)-conjugated streptavidin (GE Health-
care) and rhodamine-conjugated anti-rabbit IgGs (Jackson
ImmunoResearch Laboratories). To characterize the anti-
phosphothreonine reactive material present in Dolichos biflo-
rus-positive segments, samples of rabbit anti-phosphothreo-
nine IgGs (Cell Signaling Technology catalog number 9381)
(0.3 �g each) were incubated for 3–5 h at 4 °C with 15, 30, 60,
150, or 300 �g of a synthetic peptide containing the target
ENaC� phosphorylated threonine (bold and underlined) and
flanking residues, PEAPVPG-(T-p)-PPPRYN. Kidney sections
were blocked and exposed to biotinylatedD. biflorus agglutinin
followed by untreated anti-phosphothreonine or ENaC� pep-
tide-treated anti-phosphothreonine antibodies, and after
removing unbound capture peptide, the immunofluorescence
analyses proceeded as above.
Statistical Analyses—Data were analyzed using a two-tailed

Student’s t test (Excel). Error bars represent S.E. p values �0.05
were considered statistically significant.

RESULTS

To study mechanisms of ENaC regulation by EETs, we com-
pared their effects on the transepithelial conductance and JNa�
of polarizedM1 cells with those of EGF or amiloride, a selective
ENaC inhibitor (4, 12). M1 cells are derived from mouse CDs
(26), express a functional ENaC (27, 28), andmetabolize endog-
enous arachidonic acid to EETs as shown by the presence of
11,12-, and 14,15-EET, and their corresponding dihydroxyeico-
satrienoic acids in cell extracts (supplemental Fig. 1A). As with
most cell preparations and organ tissues, greater than 90% of
the EETs present in M1 cells are found as esters of cellular
glycerophospholipids (25), and thus, the cellular concentration
of free, non-esterified EETs represent a fraction of the total.
Based on studies of 11,12- and 14,15-EET concentration and

time-dependent effects on transcellularG (supplemental Fig. 1,
B and C), we chose to (a) utilize 14,15-EET for these studies
because it is the major epoxygenase metabolite in cultured M1
cells (Table 1) and (b) perform all subsequent measurements
2 h after the addition of either vehicle (EtOH; �0.2%), 14,15-
EET, EGF, or amiloride (5 �M, 10 ng/ml, and 10 �M final con-
centrations, respectively). 11,12-EET was identified as a selec-
tive ENaC inhibitor in microdissected rat and mouse CDs (17,
18). On the other hand, 11,12- and 14,15-EET were found to be
equally effective ENaC inhibitors in cultures ofmouse CDprin-
cipal cells (19). It is of relevance to point out that because 14,15-
EET is hydrated by cytosolic epoxide hydrolase at rates substan-
tially higher than 11,12-EET (29), differences in rates of

metabolic inactivation by cultured CD cells or freshly dissected
CDs could account for the observed differences in EET biolog-
ical activity.
Comparisons of the effects of 14,15-EET and amiloride on

apical to basolateral sodium transport showed that both
reduced JNa� by about 27–29% (Fig. 1A) and that amiloride had
no significant additional effects when added in the presence of
14,15-EET; i.e. JNa� becomes essentially amiloride-insensitive
in the presence of 14,15-EET (Fig. 1A). These data indicate that
14,15-EET and amiloride share a common target, i.e. ENaC-
mediated transcellular sodium transport, and characterize (a)
14,15-EET as an inhibitor of cellular JNa� and amiloride as its
functional analog and (b) ENaC as a target of the effects of
14,15-EET on JNa�.
14,15-EET and EGF Inhibit JNa� by a Common, ERK1/2-

mediated Mechanism—The effects of 14,15-EET and EGF (11,
12, 19) on amiloride-sensitive JNa� (the difference between
JNa� before and after adding amiloride) were measured in the
presence or absence of the MEK inhibitor U0126 (30).
Although 14,15-EET and EGF reduced amiloride-sensitive
JNa� by similar extents (to 60–68% of vehicle controls), U0126
increased JNa� in vehicle-, EGF-, and EET-treated cells by 1.8-,
2.6-, and 1.6-fold over control cells, respectively (Fig. 1B).
Moreover, U0126 raised total JNa� in control cells from 18.9 �
1.8 to 30.1 � 2.0 pmol/cm2/h (n � 5); however, the amiloride-
sensitive component of JNa� in control andU0126-treated cells
was�34% of total JNa�. These results (a) show that under basal
and stimulated conditions a portion of cellular JNa� is MEK
inhibitor-sensitive and (b) indicate a role for theMEKkinases in
amiloride-sensitive basal JNa�.
The association between the effects of U0126 on the trans-

port responses to 14,15-EET and EGF and its effects on the
MEK/ERK1/2 pathway were investigated byWestern blot anal-
ysis of ERK1/2 phosphorylation in U0126-treated and
untreated cells. Control experiments showed that ERK1/2 acti-
vation by 14,15-EET reached its maximum within the first
10–30 min of treatment and decreased thereafter (Fig. 1C).
This early activation of the MEK/ERK1/2 cascade is a known
feature of growth factor and EET signaling and precedes their
functional responses (21–23). A link between ERK1/2 activa-
tion and the functional effects of U0126 (Fig. 1B) was substan-
tiated by the demonstration that the 14,15-EET- and EGF-me-
diated increases in ERK1/2 phosphorylation were blunted after
preincubation with U0126 (Fig. 1D). In support of the above,
14,15-EET, EGF, and amiloride reduced transcellularG by�21,
27, and 32%, respectively (supplemental Fig. 2B), and PD98059,

TABLE 1
The levels of epoxygenase metabolites in cultured M1 cells are EGF-
sensitive
The concentrations of endogenous epoxygenasemetabolites present in culturedM1
cells were quantified as described under “Experimental Procedures” and expressed
as the sum of 11,12-EET � 11,12-dihydroxyeicosatrienoic acid and of 14,15-EET �
14,15-dihydroxyeicosatrienoic acid. Values (in ng/mg of cell protein) are averages
�S.E. calculated from three different experiments.

Vehicle EGF

11,12-Epoxygenase 0.13 � 0.11 0.30 � 0.01
14,15-Epoxygenase 0.56 � 0.15 1.11 � 0.02a
Total epoxygenase 0.69 � 0.26 1.50 � 0.13a

a Significantly different from vehicle-treated controls, p � 0.05.
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another MEK inhibitor (30), blunted the EET effects and
reduced those of EGF and amiloride by �54 and 34%, respec-
tively (supplemental Fig. 2B). As with the effect of U0126 and
JNa�, the PD98059 effects on G were accompanied by reduced
ERK1/2 phosphorylation (supplemental Fig. 2A). These data,
consistent with the known effects of 14,15-EET and EGF on
ERK1/2 activation and ENaC inhibition (17–19, 21, 22), suggest
that (a) ENaC is but one component of the effects that MEK
inhibitors have on cellular ion transport, and (b) although the
MEK inhibitors and amiloride share common targets at least
partially, theirmechanisms of action are different. Additionally,
they support the proposal that (a) under basal conditions JNa�
and G are under regulation by endogenous EETs and their
effects on ERK1/2 phosphorylation (Fig. 1, B and D, and sup-
plemental Figs. 1A and 2, A and B) and that (b) the responses to
14,15-EET and EGF are due to the amplification of basal,
endogenous EET-mediated transport inhibition (Fig. 1B and
supplemental Figs. 1A and 2B). These proposals are also sup-
ported by the demonstration that (a) under basal conditions
ENaC oscillates between open and closed states in an epoxyge-
nase-regulated fashion (17, 18), (b) epoxygenase inhibition
blunts the effects of arachidonic acid on ENaC gating (17), and
(c) EETs revert the effects of epoxygenase inhibition on ENaC
gating (17).
Mechanisms of ERK1/2 Activation by 14,15-EET—To study

the role of the EGFR on the ERK1/2-mediated transport

responses to 14,15-EET, we determined whether (a) the EET
activated EGFR-associated tyrosine kinases and whether (b)
inhibition of the receptor tyrosine kinases or ligand binding
altered the functional responses to 14,15-EET. As seen in Fig.
2C, 14,15-EET was as effective as EGF in stimulating EGFR
phosphorylation at tyrosine 1173, a residue involved in mito-
genic signaling (31). Furthermore, Inhibitor III, an inhibitor of
the EGFR tyrosine kinase (32), increased the G responses to
14,15-EET, amiloride, and EGF (by �1.5-, 1.4-, and 2.3-fold,
respectively) (Fig. 2A) and blunted the increases in ERK1/2
phosphorylation induced by 14,15-EET and EGF (Fig. 2D). As
with MEK inhibition (Fig. 1A and supplemental Fig. 2B), the
effects of Inhibitor III on amiloride-sensitiveG (Fig. 2A) suggest
additional, non-ENaC-mediated transport effects. Likewise,
inhibition of EGF binding to its receptor with cetuximab, an
EGFR monoclonal antibody (33), had minimal effects on basal
ERK1/2 activation but, reduced EGF- and 14,15-EET-stimu-
lated ERK1/2 phosphorylation (Fig. 2E), and raised the G
responses to 14,15-EET and EGF by 18–20% without changing
that of amiloride (Fig. 2B). As shown in Fig. 2,A andB, although
the effects of 14,15-EET, amiloride, and EGF on the conduct-
ance of cells exposed only to vehicle were more or less similar,
their responses in the presence of Inhibitor III were signifi-
cantly higher than those obtained in the presence of cetuximab.
Although the potentiating effects of EGF on Inhibitor III effi-
cacy have been reported (31), concentrations of cetuximab

FIGURE 1. The transport effects of 14,15-EET are amiloride-insensitive and, as with EGF, ERK1/2-mediated. A, changes in JNa� induced by control, vehicle
(black bars) or amiloride (10 �M) (white bars), or by 14,15-EET (5 �M) added in the presence of vehicle (black bars) or amiloride (10 �M) (white bars). Values (in
pmol/h/cm2) are averages � S.E. (error bars) calculated from five different cell samples. Differences from vehicle are indicated as follows: *, p � 0.0008; �, p �
0.0001; �, p � 0.002. The differences between amiloride and 14,15-EET or between amiloride added in the absence or presence of 14,15-EET were not
significant (p � 0.05). The amiloride-sensitive components of the JNa� responses to the agonists were 34, 26, and 37%, respectively, for amiloride, 14,15-EET,
and a combination of both. B, cells incubated without (control) or with U0126 (apical; 10 �M) were exposed to vehicle, 14,15-EET (5 �M), or EGF (10 ng/ml) (black,
gray, and white bars, respectively), and JNa� was determined 2 h later. Values (in pmol/h/cm2) are averages � S.E. (error bars) calculated from five different cell
samples. Differences from controls are indicated as follows: *, p � 0.05; �, p � 0.0001; �, p � 0.01. The amiloride-sensitive components of the total cell JNa�

effects corresponded to 39, 30, and 25% for control untreated and to 46, 54, and 40% for U0126-treated cells for vehicle, 14,15-EET, and EGF, respectively. C and
D, Western blots of cell lysates probed with anti-phospho-ERK1/2 (p-ERK) (upper panels) or -ERK1/2 (lower panels) antibodies. Shown are immunoreactive
proteins with the mobilities of phospho-ERK1/2 and ERK1/2. C, lysates (50 �g of protein/lane) isolated from cells incubated for 10, 30, or 60 min with vehicle
(lane 1) or 14,15-EET (5 �M) (lane 2). D, lysates from cells incubated without (control) or with U0126 (10 �M) for 1 h prior to a 30-min exposure to vehicle, 14,15-EET
(5 �M), or EGF (10 ng/ml) (lanes 1, 2, and 3, respectively; 50 – 60 �g of protein/lane) probed with peptide antibodies.
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higher than 40 �g/ml resulted in progressive reductions in
amiloride-insensitive TER likely due to increases in cell toxic-
ity. To minimize the potential for unwanted side effects, cell
studies were done at cetuximab concentrations �20 �g/ml.
Based on these studies, it was concluded that EGFRmediates at
least partially the transport and ERK1/2 activation responses to
14,15-EET and that these involve the EGFR tyrosine kinases
and thus effects upstream of the MEK/ERK1/2 pathway. Roles
for the EGFR tyrosine kinases in 14,15-EET-, ERK1/2-mediated
mitogenesis have been published (21, 22).
The Epoxygenase Metabolites Stimulate the Threonine Phos-

phorylation of ENaC� and -�—Two approaches were used to
study whether 14,15-EET and/or 11,12-EET, a known inhibitor
of ENaC gating (17), increase ENaC� and/or ENaC� threonine
phosphorylation (13). In the first approach, lysates of cells incu-
bated for 15 min (10, 34) with vehicle, EGF, 14,15-EET, or
11,12-EET were exposed to anti-phosphothreonine antibodies,
and after protein G affinity purification, the immunoreactive
proteins were analyzed byWestern blot using anti-ENaC� and
-ENaC� antibodies. As shown in Fig. 3, A and B, the EETs and
EGF increased the yields of anti-phosphothreonine and anti-
ENaC� and -ENaC� immunoreactive proteins with mobilities
of �100 and 110 kDa and of 80–85 kDa, representing the gly-
cosylated forms of ENaC� and ENaC�, respectively (35–38). In
the second approach, cells incubated for 2 h in [32P]orthophos-
phatewere exposed for 15min (10, 34) to vehicle, 14,15-EET, or
EGF, and after immunoprecipitationwith either anti-ENaC�or
-ENaC� antibodies, the 32P label of the protein G affinity-puri-

fied immunoreactive proteins was quantified by liquid scintil-
lation. Fig. 3, C and D, show that (a) 14,15-EET and EGF
increased the yield of the corresponding 32P-labeled immuno-
reactive proteins and that (b) the EETmimics EGF in its capac-

FIGURE 2. Inhibition of the EGFR tyrosine kinase or EGF binding blunts the effects of 14,15-EET and EGF on ERK1/2 activation and transcellular
conductance. The transcellular conductance responses of cells preincubated for 1 h with vehicle or Inhibitor III (apical; 1 �M) (black and white bars, respectively)
(A) or with vehicle or cetuximab (basolateral; 20 ng/ml) (black and white bars, respectively) (B) were calculated from TER measurements performed 2 h after the
addition of 14,15-EET (5 �M), amiloride (10 �M), or EGF (10 ng/ml). Values are averages � S.E. (error bars) calculated from three experiments, each performed in
triplicates. A, different from controls lacking Inhibitor III: *, p � 10�5; �, p � 10�5; �, p � 10�4. B, different from controls lacking cetuximab: *, p � 10�3; �, p �
10�5. The differences between amiloride in the presence or absence of cetuximab were not significant (p � 0.05). Western blots of cell lysates probed with
anti-EGFR tyrosine 1173 (C) or anti-ERK1/2 and -phospho-ERK1/2 (P-ERK1/2) peptide antibodies (D and E) show immunoreactive proteins with the mobilities of
glycosylated EGFR (C) and ERK1/2 and phospho-ERK1/2 (D and E). C, cells (50 �g of protein/lane) were isolated 30 min after the addition of vehicle, 14,15-EET
(5 �M), or EGF (10 ng/ml). D, cells were preincubated for 1 h without (lane 1) or with Inhibitor III (apical; 1 �M) (lane 2) and for 30 min in the presence of vehicle,
14,15-EET (5 �M), or EGF (10 ng/ml) (15–20 and 40 – 60 �g of protein/well for ERK1/2 and phospho-ERK1/2, respectively). D, cells were preincubated for 1 h
without or with cetuximab (basolateral; 20 ng/ml) (lanes 1 and 2, respectively) and for 30 min with vehicle, 14,15-EET (5 �M), or EGF (10 ng/ml) (30 – 45 and 70 –90
�g of protein/well for ERK1/2 and phospho-ERK1/2, respectively). P-Tyr, phosphotyrosine; S, siemens.

FIGURE 3. EGF and EETs stimulate threonine phosphorylation of ENaC�
and -�. A and B, equivalent volumes of lysates from cells (at 80 – 85% conflu-
ence) treated for 15 min with vehicle, 11,12-EET (10 �M), 14,15-EET (5 �M), or
EGF (lanes 1, 2, 3, and 4, respectively) (10 ng of protein/lane) were exposed to
anti-phosphothreonine (P-Thr) antibodies, and after protein G affinity purifi-
cation, the anti-phosphothreonine immunoreactive proteins were analyzed
by Western blot using anti-ENaC� (A) or -ENaC� (B) antibodies. Arrows show
mobilities for 75- and 125-kDa proteins. C and D, lysates from 32P-labeled cells
incubated for 15 min with vehicle, 14,15-EET (5 �M), or EGF (10 ng/ml) (black,
gray, and white bars, respectively) were exposed to anti-ENaC� (C) or -ENaC�
(D) antibodies, and the 32P contents of affinity-purified immunoreactive pro-
teins were determined by �-counting. Values are averages � S.E. (error bars)
calculated from two different experiments, each done in duplicates. C, differ-
ent from vehicle: *, p � 0.001; �, p � 0.0003. D, different from vehicle: *, p �
0.0004; �, p � 0.0004.
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ity to stimulate the threonine phosphorylation of the channel
subunits.
The CYP2C44 Epoxygenase Mediates the Effects of EGF on

Sodium Transport—The role of the CYP2C44 epoxygenase on
the inhibition of J22Na� by EGFwas studied in cells expressing a
scrambled (mock) or a CYP2C44-selective silencing RNA.
Compared with mock-transfected cells, CYP2C44 knockdown
cells (shRNA cells) showed reduced levels of (a) CYP2C44 tran-
scripts (Fig. 4A); (b) anti-CYP2C44 immunoreactive proteins
with mobilities of CYP2C44 (56.7 kDa) (39) and a 65-kDa pro-
tein (Fig. 4A, inset) that is also down-regulated in shRNA cells,
suggesting that it corresponds to a post-translationally modi-
fied CYP2C44 epoxygenase; and (c) endogenous EETs and
dihydroxyeicosatrienoic acids (Fig. 4B). Importantly, whereas
polarized mock and shRNA cells showed no differences in
amiloride-sensitive JNa� (Fig. 4C), EGF reduced JNa� in mock
but not in CYP2C44 knockdown cells (Fig. 4C), and the knock-
down phenotype was reversed upon the addition of 14,15-EET,
a CYP2C44 epoxygenase metabolite (39) (Fig. 4C). These
results indicate that (a) the CYP2C44 epoxygenase mediates
the inhibition by EGF of amiloride-sensitive, ENaC-dependent
JNa�, and (b) although CYP2C44 is involved in the JNa�
responses to EGF under basal, steady state conditions, it
appears to make limited contributions to the regulation of cel-

lular JNa� (Fig. 4C) (17, 18). This and the stimulation of 11,12-
and 14,15-EET biosynthesis by EGF (Table 1) point to
CYP2C44 as a component of the EGF-stimulated, ERK1/2-me-
diated inhibitory phosphorylation of ENaC� and ENaC�.
Cetuximab Alters ENaC� Phosphorylation and Raises Blood

Pressure—The biological significance of EGFR-dependent,
EET-mediated ENaC inhibition was explored by administering
cetuximab to mice andmeasuring its effects on (a) systemic BP
and (b) kidney levels of phosphorylated ENaC�. Cetuximabwas
chosen because it is in use for the treatment of certain types of
human cancers (33, 40), and thus the study could have clinical
implications. Compared with untreated controls, cetuximab
raised the BP of mice on normal salt diets by 25 mmHg (120 �
3 versus 145 � 2 mmHg) and that of those on high salt diets by
34mmHg (127� 3 versus 161� 6mmHg) (Fig. 5A), suggesting
a dietary salt component of its pressure effects.Western blots of
kidney membranes from untreated and cetuximab-treated
mice on normal or high salt diets showed similar levels of anti-
ENaC� reactive proteins corresponding to ENaC� (75–80 kDa)
and its serine protease product (about 50 kDa) (36, 37, 41) (Fig.
5B). Western blots of these samples identified the presence of
anti-phosphothreonine reactive proteins with the mobility of
ENaC� (�75 kDa) (Fig. 5C). The common origin of these anti-
ENaC� and -phosphothreonine immunoreactive proteins (Fig.

FIGURE 4. CYP2C44 knockdown reduces epoxygenase expression and blunts the effects of EGF on sodium transport. A, quantitative real time PCR
analysis of mRNAs present in cells expressing non-coding (mock) (black bars) or CYP2C44-coding silencing RNAs (shRNA) (gray bars) using CYP2C44-selective
primers (23). Values, normalized to �-actin mRNA levels, are averages � S.E. (error bars) calculated from three different cell samples, each analyzed in triplicates.
Difference from mock cells is indicated as follows: *, p � 0.004. Inset, Western blots of lysates from mock and shRNA cells probed with anti-CYP2C44 antibodies
(upper panel) and normalized to the levels of anti-�-actin immunoreactive protein (lower panel). The arrows indicate approximate mobilities for 56- and 65-kDa
proteins. B, the sum of EETs and dihydroxyeicosatrienoic acids (DHETs) present in mock and shRNA cells was extracted and quantified using ultrahigh pressure
liquid chromatography-tandem mass spectrometric techniques as described under “Experimental Procedures.” Values are -fold change averages calculated
from three different experiments. Differences from mock controls are indicated as follows: *, p � 0.02; �, p � 0.04. C, amiloride-sensitive JNa� responses for
mock (black bars) and shRNA cells (gray bars) exposed to vehicle or EGF (10 ng/ml) in the absence or presence of 14,15-EET (5 �M). Values (in pmol/h/cm2) are
averages � S.E. (error bars) calculated from five cell samples. Differences are indicates as follows: from vehicle-treated mock cells: *, p � 0.004; �, p � 0.001; from
EGF-treated mock cells: �, p � 0.04. The differences between vehicle- and EGF-treated shRNA cells, EGF- and EGF plus 14,15-EET- treated mock cells, and EGF
plus 14,15-EET-treated mock and shRNA cells were not significant (p � 0.05).
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5, B and C) was further suggested by stripping and exposing
both membranes to the alternate antibodies (not shown). An
association between the prohypertensive effects of cetuximab
and reduced ENaC� threonine phosphorylation was indicated
by the fact that cetuximab-treatedmice showed reduced kidney
levels of an anti-phosphothreonine immunoreactive protein
with the mobility of ENaC� (38) (Fig. 5C). Finally, as shown in
supplemental Fig. 3, cetuximab had little or no effect on the
levels of plasma-circulating EETs, kidneyCYP2C44 andmurine
CYP2C cross-reactivity toward rat anti-CYP2C11 (CYP2C29
and CYP2C38), or microsomal arachidonic acid metabolism in
mice fed a high salt diet.
Immunofluorescence imaging of kidney sections using bioti-

nylatedD. biflorus agglutinin, a CDmarker (42), and anti-phos-
phothreonine antibodies showed the presence of immunoreac-
tive proteins in (a) the CD as illustrated by co-localization of
green and red fluorescence from the CDmarker and anti-phos-
phothreonine immunoreactive proteins, respectively (Fig. 5D,
Control panels), and (b) a few non-CD tubular sections (Fig. 5D,
Control panels). Next, similar sections were exposed toD. biflo-
rus and anti-phosphothreonine antibodies preincubated with a
threonine phosphorylated peptide coding for the ENaC� target
threonine and flanking residues (13–15) (see “Experimental
Procedures” for details). The ENaC� selectivity of the anti-
phosphothreonine-derived red fluorescence in the CD is indi-
cated by the fact that at a capture peptide/antibody ratio of 100
(w/w), the anti-phosphothreonine signals were quenched in D.
biflorus-positive structures but not in the remaining, non-CD
tubular segment (Fig. 5D, Peptide panels). The results in Fig. 5

support the proposition that (a) the anti-phosphothreonine-
positive proteins present in the CDs correspond to phosphory-
lated ENaC� and that (b) ENaC� undergoes threonine phos-
phorylation in vivo.

DISCUSSION

Salt-sensitive hypertension is associated with sodium reten-
tion and compensatory increases in plasma volume with
sodium reabsorption by ENaC serving as a rate-limiting step for
this important kidney function (5). The identification of 11,12-
and 14,15-EET as inhibitors of ENaC activity (17–19) and
associations between blood pressure and kidney CYP2C44
epoxygenase expression (18) support a role for EETs in ENaC-
mediated sodium reabsorption and ultimately blood pressure
(18). As with many ion channels, ENaC is regulated by factors
that alter gating, expression, subunit assembly, membrane
translocation, and/or residence time.Multiplemechanisms can
alter one or more of these factors, including proteolysis (8,
35–38); hormonal effects on translocation and membrane
assembly (6, 7, 36, 41, 43); changes in ubiquitination, retrieval,
and degradation (37, 38, 44, 45); and protein kinase-mediated
negative or positive effects (8, 10, 11–15, 44, 46). The earlier
identification of 11,12-EET and 14,15-EET as ENaC inhibitors
(17–19) and the present characterization of 14,15-EET as an
inhibitor of amiloride-sensitive JNa� inM1 cells can be added to
this list. The present study expands on earlier demonstrations
of ENaC inhibition by EGF and EETs and identifies a common
mechanism to explain their effects on ENaC activity. The
mechanism proposed (a) involves an EET-mediated, ERK1/2-

FIGURE 5. Cetuximab causes hypertension in mice and reduces ENaC� threonine phosphorylation. Mice on normal salt (NS) or high salt (HS) diets were left
untreated or administered cetuximab every other day for 10 days. A, systolic BPs of untreated or cetuximab-treated mice (white and black bars, respectively).
Values are averages � S.E. (error bars) calculated from �30 measurements/mouse performed for groups of untreated mice on normal or high salt diets (five and
six animals, respectively) or for cetuximab-treated mice on normal or high salt diets (six and nine mice, respectively). Differences are indicated as follows: *,
untreated on high salt diet, p � 10�3; cetuximab on normal diet, p � 10�5; cetuximab on high salt diet, p � 10�6; �, cetuximab on high salt diet, p � 10�4;
untreated on high salt diet, p � 10�5. B and C, Western blots of kidney membranes from cetuximab-treated and untreated mice fed normal salt or high salt diets
and probed with ENaC� (B) or phosphothreonine (P-Thr) (C) antibodies. Loadings (60 – 40 and 30 –20 �g of protein/lane for B and C, respectively) were
normalized by comparisons with Coomassie Blue-stained membranes. Lanes 1 and 3, untreated normal salt and high salt diets, respectively. Lanes 2 and 4,
cetuximab-treated normal salt and high salt diets, respectively. D, paraffin-embedded kidney sections from mice fed normal salt diets and exposed to D. biflorus
agglutinin followed by anti-phosphothreonine antibodies (p-Thr) were incubated in the absence or presence of a threonine phosphorylated peptide coding
for the ENaC� target threonine (Control and Peptide panels, respectively), and the immunofluorescence analyses proceeded as described under “Experimental
Procedures.” Shown are 400� images of green D. biflorus (DB), red (p-Thr), and overlay fluorescence (DB � p-Thr) emissions showing D. biflorus-positive signals
in CDs and of anti-phosphothreonine-positive signals in CDs and non-CD tubular segments as well as the presence of anti-phosphothreonine immunoreactive
proteins in the CD (white arrows) only in those sections exposed to IgGs incubated in the absence of the ENaC� peptide. The white scale bars correspond to
0.5 �m.
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catalyzed phosphorylation of the channel � and � subunits, (b)
is consistent with the known roles of EETs in EGF signaling and
ERK1/2 phosphorylation (21, 22), and (c) identifies ENaC as a
proximal functional target for the CYP2C44 epoxygenase and
MEK/ERK1/2 kinases. Importantly, this characterization of a
mechanistic commonality between sodium transport andmito-
genic responses described for the EETs provides a mechanistic
platform that could serve to rationalize the many, apparently
unrelated biological activities reported for these lipids.
Pathways by which 14,15-EET could regulate MEK/ERK1/2

kinases and ENaC activity include (a) transmembrane signaling
by EET receptor(s) (Fig. 6, 1), (b) effects on EGFR signaling
and/or ligand binding (Fig. 6, 2), (c) activation of kinases
upstream of ERK1/2 (Fig. 6, 2), and (d) non-receptor-mediated,
direct effects on ERK1/2 phosphorylation (Fig. 6, 3) or ENaC
gating (Fig. 6, 4).With few exceptions (47), the identification of
EET receptors capable of transmembrane signaling has proven
inconclusive, and support for direct EET effects on protein
kinases or ENaC activity is lacking. Studies in epithelial and
endothelial cells identified EET roles in the activation of kinases
such asMEK, Ras, andAkt (21–23), and the demonstration that
14,15-EET mediates heparin-binding EGF-like growth factor
processing and binding provided a cogent explanation for its
pleiotropic effects on these kinases (22). Based on these prece-
dents, we propose a similar mechanism for the 14,15-EET
effects on the EGFR and MEK/ERK1/2 pathway of M1 cells.
The fact that CYP2C44 knockdown abrogated the in vitro
effects of EGF on JNa� and that inhibition of EGFR ligand bind-
ing reduced ENaC� phosphorylation and caused hypertension
illustrates the potential significance of these findings to the in
vivo regulation of ENaC activity and blood pressure and points
to a hitherto unrecognized, concerted role for CYP2C44, EGF,
and EGFR in blood pressure regulation.
In summary, this characterization of a role for the murine

CYP2C44 epoxygenase and 14,15-EET in the ERK1/2-medi-

ated regulation of amiloride-sensitive JNa� as well as published
studies ofCYP2Cepoxygenase andEETeffects onENaCgating,
distal sodiumexcretion, and bloodpressure control (16–18, 20)
offers new approaches for the understanding of plasma sodium
homeostasis and suggests that maneuvers designed to (a) up-
regulate the expression or activity of the human functional
homologues of the CYP2C44 epoxygenase (CYP2C8 and/or
CYP2C9) or (b) increase kidney EET concentrations could
serve as a basis for the development of new antihypertensive
therapies as well as strategies for the early diagnosis and detec-
tion of the disease. Finally, the demonstration that cetuximab
causes hypertension in mice raises a need for careful studies of
its blood pressure effects in humans.
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